We report on observations of a correlation between the microstructure of organic thin films and their electronic properties when incorporated in field-effect transistors. We present a simple method to induce enhanced grain growth in solution-processed thin film transistors by chemical modification of the source-drain contacts. This leads to improved device performance and gives a unique thin film microstructure for fundamental studies concerning the effect of structural order on the charge transport. We demonstrate that the 1 / f flicker noise is sensitive to organic semiconductor thin film microstructure changes in the transistor channel.
We report on observations of a correlation between the microstructure of organic thin films and their electronic properties when incorporated in field-effect transistors. We present a simple method to induce enhanced grain growth in solution-processed thin film transistors by chemical modification of the source-drain contacts. This leads to improved device performance and gives a unique thin film microstructure for fundamental studies concerning the effect of structural order on the charge transport. We demonstrate that the 1 / f flicker noise is sensitive to organic semiconductor thin film microstructure changes in the transistor channel. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2903508͔ Recent development in the field of organic electronics has led to improvements in understanding charge injection and transport in organic semiconductor materials.
1,2 However, a reliable correlation between microscopic properties and their effect on the macroscopic electrical properties of the devices is still missing. An important effort is involved in improving the performance of soluble small molecules for which easy processing techniques are required. 3 A major challenge in using organic thin film transistors ͑OTFTs͒ as test structures for fundamental studies is the strong dependence of their electrical characteristics on the fabrication process.
While the value of mobility is widely used as a measure of the performance of an organic semiconductor, with a few exceptions, 4-6 the use of noise measurements in the determination of reliability of different devices is hardly encountered in the field of organic electronics. In this letter, we use current-voltage ͑I-V͒ and 1 / f noise measurements to investigate the influence of the organic thin film microstructure on the performance of OTFTs. Fluorinated 5,11-bis͑triethylsilylethynyl͒ anthradithiophene ͑diF-TESADT͒ 7 ͓see the chemical formula in the inset of Fig. 1͑a͔͒ TFTs are particularly well suited for this type of study because thin films formed by spin casting have unique properties which give rise to large ͑Ϸ10 m͒ grains that grow from contacts and into the channel region of the device. 3 We show that device fabrication conditions determine the microstructure of the film and strongly influence the extrinsic transistor characteristics. We present observations of a correlation between thin film microstructure in the transistor channel and macroscopic properties such as mobility and low frequency noise.
The devices that we investigate in this study are bottomcontact field-effect transistors ͑FETs͒ ͓see the cross section in the inset of Fig. 1͑a͔͒ solution in room temperature ethanol͒ followed by sonication in ethanol. 8 An extra step of hexamethyldisilazane ͑HMDS͒ treatment for the oxide insulator was used for type 3. Table I summarizes the sample preparation details and the device properties. Films were spin cast at room temperature from a Ϸ 22 mg/ ml ͑2 wt %͒ solution in chlorobenzene. We performed electrical and low frequency noise measurements in a nitrogen purged probe station, at room temperature and in the dark. The low frequency noise measurements were carried out using a standard noise setup. We recorded the voltage noise power spectral density in the frequency range 1 Hz Ͻ f Ͻ 1.6 kHz at constant drain ͑V DS ͒ and gate ͑V GS ͒ voltages. Because the threshold voltage ͑V T ͒ typically varies from device to device, we performed the measurements for devices biased at nominally identical gate bias, 
where C i is the gate oxide capacitance per unit area.
For the same devices, we measured the drain current noise power spectral density S I ͑f͒ and converted it to the normalized noise spectra S ͑S = S I / I 2 ͒. Figure 1͑b͒ shows the normalized noise spectra at constant drain and gate voltage ͑V DS =−4 V, V GT = −20 V͒, as a function of frequency, in a log-log scale, for the same 10 m device. All devices studied exhibited 1 / f noise behavior, similar with previous observations in small organic molecules TFTs. 4, 5 The frequency coefficient in 1 / f ␦ is 0.85Ͻ ␦ Ͻ 1.1 for the devices explored in this study, confirming a 1 / f type of flicker noise, in agreement with the Hooge empirical expression of drain current noise spectral density ͑S I / I 2 ͒,
where ␣ is the Hooge parameter, N is the total number of free charge carriers, and f is the frequency. The TFT mobility for the three types of devices investigated in this study, as a function of channel length, is plotted in Fig. 2͑a͒ . At short channel lengths ͑L =5 m͒, devices with treated contacts and oxide exhibit a mobility = 0.4Ϯ 0.1 cm 2 / ͑V s͒, devices with only treated contacts exhibit = 0.16Ϯ 0.02 cm 2 / ͑V s͒, and devices with no treatment exhibit =2ϫ 10 −3 Ϯ 1 ϫ 10 −3 cm 2 / ͑V s͒. We observe that the mobility decreases with increasing channel length for all samples. There is a dramatic change in the dependence of the mobility versus channel length for types 2 and 3 devices, which, as we will discuss in the details below, is associated with the changes in the thin film microstructure.
In order to compare the device mobility with the output from the noise measurements, we plot the value of the noise at constant frequency, f = 100 Hz, versus channel length L in Fig. 2͑b͒ . The decrease in noise with L can be understood as a result of averaging the fluctuations over a larger volume. 10 The evolution of the value of noise with channel length is consistent with the evolution of the mobility with L due to the identical microstructure effects.
The different behavior of the mobility and the noise in types 2 and 3 devices at short versus long channel lengths correlates with the transition between two different types of microstructure within the transistor channel. Optical inspection of the channel region shows different film morphologies induced by contact treatment. Figure 3 presents optical micrographs of the three sample types investigated in this study. Sample types 2 and 3 adopt a distinct growth motif along contact edges. For sample type 2 ͓Figs. 3͑a͒ and 3͑b͔͒, the devices with channels shorter than 25 m are completely covered with large, highly crystalline grains ͓similar to the picture shown in Fig. 3͑a͔͒ . We will refer to this type of regions of the thin film as highly ordered regions. Larger L devices have a different film texture in the middle of the channel ͓Fig. 3͑b͔͒, which we will refer to as poorly ordered region. Here, the film is not amorphous but consists of areas having different crystal orientations. 5 The electrical properties of the TFTs are given by the contributions of the highly ordered and less ordered regions. As the channel length increases, the less ordered ͑lower ͒ regions start to dominate the transport, and as a result, the value of the device mobility decreases ͓see Fig. 2͑a͔͒ . The transition between the two types of channel textures is detected as a change in slope of the ͑L͒ plots. The transition point mirrors the structural changes in the film, as the kink in the mobility graph coincides with the value of L where optical microscopy images indicate that the less ordered regions start to form in the middle of the channel ͑L =25 m for sample type 2͒. Optical micrographs of type 3 devices ͓Fig. 3͑d͔͒ show the transition between highly ordered regions and less ordered regions being shifted to L =50 m. These devices exhibit larger grains, which lead to a larger value of mobility ͓Fig. 2͑a͔͒. The change in slope in the ͑L͒ plot at L =50 m correlates well with the presence of larger grains. The untreated devices ͑sample type 1͒ manifest no significant growth of large grains along the contact edge ͓Fig. 3͑c͔͒. This absence of significant grain growth along the untreated contact edges is observed even when lower spin speeds are used to cast the films. The mobility monotonically varies with channel length L because the channel consists only of poorly ordered regions.
We demonstrate that the noise measurements are very sensitive to the changes in the transistor channel, as the noise versus channel length plots of the devices with treated contacts ͓see Fig. 2͑b͔͒ show a dramatic increase in the value of normalized noise spectral density ͑approximately one order of magnitude͒ at the the value of L for which both optical micrographs and mobility measurements indicate that the transition between the highly ordered regions and the poorly ordered regions occurs. Because of this correlation, we speculate that trapping and detrapping of the charges at the grain boundaries are the major source of noise in our devices. However, it is not necessary that noise and mobility are influenced by the same factors, rather the noise sources represent a subset of the factors that influence the mobility. There is no sufficient experimental information to unambiguously determine the exact mechanism of noise generation in these devices. If we assume that the major source of noise comes from the fluctuations in the drain current at the grain boundaries, the abrupt "steplike" transition in the noise versus channel length plots of the devices with treated contacts ͓see schematical view in the inset of Fig. 2͑b͔͒ can be understood as a signature of the transition from a channel with a lower number of grain boundaries ͑the large grains region͒ to a channel that has large grains on the edges, poorly ordered regions in the middle, and correspondingly larger number of grain boundaries ͑similar to the devices with untreated contacts͒. For this reason, the three graphs that correspond to the less ordered regions in the three types of samples collapse to the same curve. The devices that correspond to the channel lengths, where the transition between the two types of microstructure occurs, present a value of the noise spectral densities larger than that of the highly ordered devices, but lower than that of the devices that have small grains in the middle ͓see the open circles in Fig. 2͑b͔͒ . The differences between the values of normalized spectral densities S for short channel devices in Fig. 2͑b͒ are then the result of different mobilities and carrier trap concentrations. We do not exclude the contribution of the noise that arises from the contacts, as the I-V of the high mobility devices ͑low L͒ are strongly dominated by the contacts.
Good benchmarks for the technological success of devices are the electronic mobility ͑which needs to be maximized͒ and the Hooge parameter ͑which needs to be minimized͒. By using expression 2, we can extract the Hooge parameter ␣ for the three types of samples investigated in this study. We show that devices with highly ordered channels not only present higher mobilities but also lower values of ␣, and the transition to a channel with a lower mobility corresponds to an abrupt transition to larger values of the Hooge parameter. The value of ␣ calculated by using the aforementioned approximations represents an overestimation, as it assumes that all the charges accumulated near the gate oxide interface are free and contribute to the transport. The values of ␣ for the short channel devices are ␣ = 2.9Ϯ 0.5 for type 2 devices and ␣ = 1.8Ϯ 0.3 for type 3 devices, similar to values obtained for TFTs on crystalline organic FETs. 9 For large L devices, the presence of the less ordered regions in the center of the channel is detected as larger values of ␣ ͑␣ = 29.6Ϯ 4.6 for type 2 devices and ␣ = 11.8Ϯ 3.1 for type 3 devices͒. The values of the Hooge parameter corresponding to the devices with untreated contacts are even higher ͑␣ = 48.4Ϯ 8, type 1 devices͒. As with field-effect mobility, the magnitude of ␣ is determined by the presence of the highly ordered and less ordered regions in the transistor channel.
In conclusion, we demonstrate that we can control the size of the ordered domains into the organic thin film transistor channel during the fabrication process via chemical modification of the contacts using room temperature processing. We show that the degree of order in the channel is strongly reflected in the electrical properties. We present evidence that macroscopic properties such as mobility and low frequency noise are dependent on the thin film microstructure.
We would like to thank Curt Richter and Lee Richter for their assistance during the preparation of this manuscript. 
